Introduction
============

Microbial rhodopsins, particularly the channelrhodopsin family of green algae, have come into the focus of neurobiological research as very useful tools to study connections and the functioning of neuronal networks (optogenetics). The light-activated ion channel channelrhodopsin-2 (ChR2)[^5^](#FN6){ref-type="fn"} ([@B1], [@B2]) has become the cornerstone of this emerging field. Like all other known microbial rhodopsins, ChR2 spans the membrane in seven transmembrane helices (7-TM), and the chromophore retinal is covalently attached to a lysine via a protonated Schiff base.

Although a broad variety of optogenetic applications exists (recently reviewed in Ref. [@B3]), only the general three-dimensional structure of the 7-TM protein domain is known from electron microscopy studies ([@B4]); the amino acid arrangement, the location of the ion pore, and the molecular mechanism of pore opening (gating) and charge transfer remain unknown.

On the other hand, extensive electro-physiological and spectroscopic studies in the visible and infrared regions have been performed on ChR2, revealing the kinetics of the gating process, photocycle intermediates, and structural changes of the protein, irrespective of where these changes occur. Light excitation triggers, as in all other microbial rhodopsins, a cyclic sequence of reactions initiated by an ultrafast all-*trans* to 13-*cis* retinal isomerization ([@B5]). After the formation of two early photoproducts, P500 and P390 ([@B6], [@B7]), the conducting state P520 is reached within 1.5 ms after photon absorption (on-gating) and disappears within 10 ms (off-gating). The protein then returns to the fully dark-adapted state via the late P480 intermediate within a few seconds ([@B6]--[@B8]). Light activation is accompanied by large structural changes that occur during P500 formation. These changes clearly precede pore opening and are reversed during the decay of the late intermediate, P480, which is not concomitant with channel closing ([@B7], [@B9]). Deprotonation and reprotonation of the RSB-H^+^ are observed as the formation and decay of the blue-shifted P390 intermediate in the ChR2 photocycle. Reprotonation correlates with channel on-gating ([@B6], [@B7]) but not with the large structural changes. However, we can draw similarities between the molecular mechanisms of the well studied microbial rhodopsin proton pump bacteriorhodopsin (BR) ([@B10]) and those of ChR2, in the sense that isomerization, protonation changes of the Schiff base and internal Asp/Glu, and motions of protein-bound water molecules are likely to be key elements of channel gating as well as of proton and cation transport. From spectroscopic as well as electrophysiological studies we know that the same residue positions that are important for BR function are also important for channel gating, ion-transport, ion selectivity, and rectification of the ChR2 channel. Recently, several research groups have shown that His-134 (Asp-96 in BR), together with Glu-90 (BR analog not yet resolved), forms the major selectivity filter ([@B11]--[@B13]). Residues at this position determine the conductance of H^+^ and Na^+^ as well as the competition between the two ions ([@B11]--[@B14]). Moreover, mutations in Glu-123 (Asp-85 in BR), which is thought to form the RSB-H^+^ counterion complex together with Asp-253 (Asp-212 in BR), cause variable shifts of the action spectrum, acceleration of photocycle kinetics, and alterations in the voltage dependence of the gating current ([@B15]--[@B17]). Mutations in Cys-128 and/or Asp-156, the ChR2 residues equivalent to those in BR forming the important link between helices C and D (Thr-90 and Asp-115 ([@B18])), cause a dramatic slowdown of the photocycle and result in extended depolarization of cells after a single light flash (step function rhodopsins) ([@B3], [@B8], [@B19], [@B20]).

However, the major difference between ChR2 and BR is in the ion pore. The pore must be larger in ChR2 to conduct cations and must be continuous across the membrane to passively conduct multiple ions per photocycle. On the other hand, in BR, the pore is small and discontinuous during the whole photocycle to allow only the transport of protons and to prevent spontaneous backflow along the proton gradient across the membrane ([@B21], [@B22]). Although recent studies revealed projection maps of ChR2 two-dimensional crystals at ∼6-Å resolution, the localization of the conductive pore in ChR2 remains unclear ([@B4]). Based on these projection maps, two different positions of the conductive pore in ChR2 are possible: either within the monomeric protein or within the dimeric interface ([@B4]). Therefore, identification of the enlarged pore in ChR2 and the unraveling of its opening mechanism with high spatial and temporal resolution comprise the key requirement for further optimization of this optogenetic tool.

Time-resolved Fourier transform infrared (FTIR) spectroscopy in combination with structural details can provide insights into the molecular reaction mechanism. Due to the absence of an x-ray structure, homology modeling incorporating experimental constraints is a valuable technique to provide a structural model, which can inspire further experiments ([@B22]--[@B25]). Based on electrical studies on Glu-90 mutants and changes in hydrogen bonding during the photocycle, this position is believed to be crucial for the conductance and selectivity of the channel ([@B7], [@B12]--[@B14]). We determined the protonation of and environmental changes around Glu-90 by time-resolved FTIR spectroscopy. This method was one of the major techniques used in elucidating the ion transfer mechanism in BR ([@B26]--[@B28]). To characterize the role of Glu-90 for the conductive behavior of ChR2, we performed electro-physiological measurements. We then built a dynamic homology model ([@B29]) for ChR2 based on the BR x-ray structure 1QHJ ([@B30]) to assess the structural influence of a protonation change at Glu-90. This method has successfully been employed to gain insight into the proton transfer mechanism of BR ([@B21], [@B22]) as well as in studying ligand recognition and discrimination in G protein-coupled receptor ([@B25], [@B31]). Based on the orchestration of biophysical experiments and biomolecular simulations, we have localized the pore of ChR2 between helices A, B, C, and G and identified protonation changes of the key residue Glu-90 as being an essential part of the pore function.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Expression, Purification, and Lipid Reconstitution of Channelrhodopsin-2

Channelrhodopsin and its mutants were expressed in COS-1 cells as described previously ([@B32]). Synthetic ChR-2 DNA fragments comprising amino acids 1--311 of the protein with a C-terminal 1D4 epitope ([@B33]) were used. Site-directed mutagenesis, reconstitution with the chromophore, and purification of the protein were performed as described earlier for bovine rhodopsin ([@B34]--[@B36]), with the following modifications: 30 m[m]{.smallcaps} all-*trans*-retinal (Sigma) was used for reconstitution, and the last step of the elution was performed in a buffer containing the detergent *n*-[d]{.smallcaps}-octyl-β-[d]{.smallcaps}-glycopyranoside. For reconstitution of the proteins into lipid vesicles, Egg-PC (Avanti Polar Lipids, Inc.) was first lyophilized, suspended in buffer (20 m[m]{.smallcaps} BTP, 120 m[m]{.smallcaps} NaCl, 1 m[m]{.smallcaps} MgCl~2~), repeatedly frozen in liquid nitrogen, and thawed in tepid water (25 °C) and finally extruded through a 200-nm polycarbonate membrane extruder. The lipid vesicles were then incubated with the purified protein for 2 h and dialyzed for 5 days at 4 °C in the same buffer with the addition of 1 m[m]{.smallcaps} dithiothreitol. The lipid:protein ratio was 100:1. All preparation steps were performed under dim red light. Samples for FTIR measurements were prepared by a centrifugation procedure; after adjusting the pH with diluted NaOH or HCl, 20 μl of the sample was centrifuged for 30 min at 100,000 × *g* at 4 °C. The supernatant was then removed, and the pellet was transferred to an air-tight infrared cuvette consisting of two CaF~2~ windows.

#### FTIR Measurements

The sample was then cooled to 15 °C by a homemade sample holder in a Bruker Vertex 80V FTIR spectrometer. To excite the sample to the photostationary state, it was illuminated for ∼5 s by 3 light-emitting diodes with an emission maximum of 463 nm. During illumination and relaxation, spectral changes were recorded using the rapid scan mode of the spectrometer. Absorbance spectra were calculated and later analyzed by a global fit method to obtain the amplitude spectra and half-lives of the processes (as done for measurements shown in [Fig. 1](#F1){ref-type="fig"}).

To obtain accurate time courses of the photocycle, we carried out laser flash experiments. The sample was excited by flashes (maximum of 20 ns) of an excimer-pumped dye laser (coumarin 102; 470 nm maximum emission peak). After the flash, we recorded spectral changes using the rapid scan mode (as done for measurements shown in [Fig. 2](#F2){ref-type="fig"}).

#### UV-visible Measurements

UV-visible measurements were performed under the same conditions as the FTIR measurements, except for the measuring light intensity, which was kept as low as possible to avoid the accumulation of intermediates. To obtain the counterpart of the FTIR results in the visible frequency range, the data were combined with the previously recorded FTIR data and a global fit over the whole spectral range was done.

#### Homology Modeling and MD Simulations

Dynamic homology modeling of ChR2 was performed as previously described ([@B29]). Briefly, a multiple sequence alignment comprising the sequences of ChR2 (Uni-Prot ID: Q8RUT8), BR (P02945), and nine other microbial rhodopsins (P15647, Q2S2F8, bQ9AFF7, P25964, P42196, Q8YSC4, B4Y105, B4Y103, and A8JAJ2) was used as the starting point. Model building on the basis of the BR ground-state structure with PDB ID [1QHJ](1QHJ) ([@B30]) was performed using the SCWRL3 algorithm ([@B37]) and the MOBY program package ([@B38]). Molecular dynamics (MD) simulations in an explicit palmitoyl oleoyl phosphatidyl choline/solvent ([@B39]) environment were carried out using GROMACS software v.4.0.5 ([@B40]) as described previously ([@B29]). Further details can be found in the [supplemental material](http://www.jbc.org/cgi/content/full/M111.327700/DC1).

#### Electrophysiology

Voltage clamp experiments on heterologously expressed ChR2 were carried out in *Xenopus* oocytes as described earlier ([@B2], [@B17]). Cytoplasmic free cation concentrations (in m[m]{.smallcaps}) were ∼2 Mg^2+^, \<0.001 Ca^2+^, ∼110 K*^+^*, ∼10 Na^+^, pH*~c~* 7.3 in oocytes (*R~f~*), and 110 Na^+^, \<0.001 Ca^2+^ (10 EGTA, 2 total Ca^2+^), 5 K^+^, 0.2, 2, or 10 Mg^2+^, pH*~c~* 7.2 in HEK cells. If not mentioned otherwise, the bath for both systems contained (in m[m]{.smallcaps}) 100 *N*-methyl-[d]{.smallcaps}-glucosamide^+^ or Na^+^, 2 Ca^2+^, 2 Mg^2+^, 2 K^+^, pH*~o~* 9.0, 7.5, or 6.0 buffered with 10 Tris or Hepes. Anions are irrelevant here, because they are not conducted by ChR2 ([@B2]). Photocurrents were typically studied 3--7 days after RNA injection. A 75-watt xenon lamp (Jena Instruments) combined with a fast shutter (Uniblitz model T132, Vincent Associates) was used for light pulses. Blue light was selected with a dichroic mirror reflecting 450--90 nm light through the lens onto the sample. 100% light intensity corresponded to 4.5 × 10^21^ photons m^−2^ s^−1^ at the cell surface.

RESULTS
=======

### 

#### FTIR Spectroscopic Results

We applied time-resolved FTIR spectroscopy to determine protonation changes at Glu-90 by comparing WT ChR2 and the E90Q mutant. The IR amplitude spectra of the P480 to D470 relaxation rates of both proteins were in good agreement, allowing band assignment using this mutant ([Fig. 1](#F1){ref-type="fig"}). In the carbonyl region, a negative band at 1718 cm^−1^ was no longer observed in E90Q. Therefore, this disappearing band can be unambiguously assigned to the deprotonation of Glu-90. The corresponding positive carboxylate band is most likely either the one at 1439 cm^−1^ or at 1381 cm^−1^ in the WT protein, because both bands disappear in E90Q. These observations provide strong evidence for deprotonation of Glu-90 during the photocycle. This is further confirmed by an absorbance change of Gln-90 in the mutant; its carbonyl band shifts from 1678 cm^−1^ to 1688 cm^−1^. This also reflects the environmental change at this residue position that may lead to a deprotonation of Glu-90 in the WT protein. In contrast to earlier FTIR investigations ([@B7]), which already proposed a hydrogen bond change at Glu-90, the current measurements were performed on ChR2 reconstituted in lipid vesicles, not in detergent, and in an advanced vacuum spectrometer. All these factors resulted in significant improvement in the signal-to-noise ratio, allowing us to distinguish between an H-bond change and a deprotonation.

![**P480 to D470 relaxation rates of ChR2 WT and E90Q.** Amplitude spectra of the relaxation rate from P480 to D470 of WT ChR2 (*black*) and the mutant E90Q (*red*) are shown. The negative carbonyl band of Glu-90 at 1718 cm^−1^ and the corresponding positive carboxylate band, either at 1381 cm^−1^ or 1439 cm^−1^, are missing in the mutant. The *insets* show the subtraction results of the WT and E90Q spectra. The C=O (1718 cm^−1^, *red stripes*) of Glu-90 and its corresponding COO^−^ band (1381 cm^−1^ or 1439 cm^−1^, *red stripes*) disappear in the mutant. Therefore, these bands can be unambiguously assigned to Glu-90 deprotonation. In Gln-90, which has a fixed protonation state, a difference band at 1688/1678 cm^−1^ (*blue stripes*) is observed, which indicates its H-bond or environmental change.](zbc0101298550001){#F1}

To assign the IR absorbance changes, especially the deprotonation of Glu-90, to specific photocycle intermediates, we carried out two consecutive time-resolved measurements in the UV-visible and IR regions to follow absorbance changes in the same sample. In both cases, the photoreaction was initiated by the application of a 20 ns laser flash. A global fit analysis was then performed on the complete dataset. This allowed the unambiguous assignment of absorbance changes measured by IR to their respective intermediates, in agreement with earlier UV-visible measurements ([@B7]). *Panels A* and *B* in [Fig. 2](#F2){ref-type="fig"} show the results of the laser flash-induced UV-visible and FTIR measurements, respectively. The *black curve* in [Fig. 2](#F2){ref-type="fig"}*A* represents a P520-D470 difference spectrum, as already assigned by Ritter *et al.* ([@B7]). The corresponding difference spectrum in the IR is shown in [Fig. 2](#F2){ref-type="fig"}*B*. The amplitude spectrum of the 30-ms rate (orange) represents the P520 to P480 transition. The key features of the IR spectrum are a frequency shift of a not yet-assigned protonated glutamate or aspartate from 1728 to 1737 cm^−1^, and a negative band at 1662 cm^−1^, which was assigned to the amide-I mode of the protein backbone ([@B7]). The amplitude spectrum of the 45-s rate represents the transition from P480 to D470, in good agreement with the amplitude spectrum shown in [Fig. 1](#F1){ref-type="fig"}.

![**Time-resolved absorbance changes in the WT protein induced by 20 ns laser excitation.** UV-visible (*A*) and FTIR (*B*) spectra are shown. The amplitude spectra (*orange* and *red*) were generated by a global fit of the complete combined dataset. In *A*: a P520-D470 difference spectrum (*black*) averaged over the first 10 ms is shown. The *red shift* of the absorption maximum indicates the accumulation of the P520 intermediate. In the corresponding IR difference spectrum, now assigned to the P520 intermediate, the deprotonation of Glu-90, indicated by the negative band at 1718 cm^−1^, is observed. The first observed rate of 30 ms represents the P520 to P480 transition (*orange*). Here, the band shift of a carboxylic residue from 1728 to 1737 cm^−1^ is monitored. The slowest rate (*red*) of 45 s represents the P480 to D470 transition. The negative band at 1718 cm^−1^ indicates the reprotonation of Glu-90. Individual time-resolved absorbance changes at 520 nm in *C* and at 1718 cm^−1^ in *D* (Glu-90) are shown. The time-resolved data confirm that Glu-90 is already deprotonated in P520, being the putative open state. Whether deprotonation takes place in an earlier transition or simultaneously with the appearance of the P520 intermediate cannot be distinguished yet. Furthermore, the absorbance changes at 1662 cm^−1^ (*E*) show that the large structural changes (not time-resolved) of the protein backbone relax in two steps, in the P520 to P480 and the P480 to D470 transitions.](zbc0101298550002){#F2}

Time-resolved absorbance changes at single wavelengths and wavenumbers, respectively, are shown in [Fig. 2](#F2){ref-type="fig"} (*C--E*). The absorbance change at 520 nm in [Fig. 2](#F2){ref-type="fig"}*C* shows the instantaneous appearance (not time-resolved) of the P520 intermediate, followed by the transition from P520 to P480 in 30 ms and the transition from P480 to the D470 state in 45 s. The protonation changes of Glu-90 can followed at 1718 cm^−1^, as assigned above ([Fig. 2](#F2){ref-type="fig"}*D*). The deprotonation was not time-resolved, similar to the appearance of the P520 intermediate. Glu-90 then remained deprotonated in the P520 and P480 intermediates and was reprotonated during the relaxation to the D470 state in the last step. A conformational protein backbone change was observed at 1662 cm^−1^ ([Fig. 2](#F2){ref-type="fig"}*E*). The appearance of the backbone change was not time-resolved, but we were able to assign the relaxation of this structural alteration to two steps, namely the P520 to P480 and the P480 to D470 transitions. Earlier studies in detergent suggested that the majority of structural changes occur during an early and the last step of the photocycle, whereas only minor structural alterations coincide with the decay of P520 ([@B7], [@B9]). Because the P520 intermediate is assumed to represent the open state, we propose that a protonation change of Glu-90, an environmental change at a not yet-assigned protonated carboxylic residue, and a large structural change of the protein backbone are key features of the opening/closing of the conductive pore.

#### Electrophysiological Measurements on WT ChR2 and Glu-90 Mutants

To confirm the proposal that Glu-90 functions as a gate and selectivity filter, we tested ChR2 activity in *Xenopus* oocytes after various substitutions at Glu-90 using two-electrode voltage clamp technology. Photocurrents were measured at pH 7.5 and 4 in the absence and presence of 100 m[m]{.smallcaps} Na^+^. In the light, the initial current *I*~0~ declined to a stationary level *I*~S~, which was more obvious at neutral pH than at low pH ([Fig. 3](#F3){ref-type="fig"}, *A* and *B*). At low pH, the current is carried by H^+^ and only weakly influenced by Na^+^, whereas at neutral pH the current is mainly carried by Na^+^.

![**Electrophysiological characterization of ChR2-WT and mutants of Glu-90.** Photocurrents of ChR2-WT (*A*) at pH*~o~* 7.5 and pH 4 and E90H (*B*) at pH*~o~* 7.5 in the absence and presence of 100 m[m]{.smallcaps} Na^+^ at −100 mV (*blue bar*: 470 nm excitation). NMG-Cl was substituted by NaCl. *C*, averaged initial photocurrents (*I*~0~) at pH*~o~* 7.5 and pH*~o~* 4 at −100 mV. Significance: *p* \< 0.05 (\*), *p* \< 0.005 (\*\*\*). Current-voltage relation of the initial current (*I*~0~) at 100 m[m]{.smallcaps} Na^+^ for wild-type ChR2 (*D*) and the mutants E90Q, E90A, E90H, and E90K (*E--H*). Measurements at pH*~o~* 7.5 and −100 mV were used as reference currents (*I*~ref~); *error bars*: ±S.E.](zbc0101298550003){#F3}

In the following discussion, we concentrate on the early current *I*~0~ and do not further discuss *I*~S~. Substitution of Glu-90 with Gln, Asp, His, Lys, and Ala in all cases reduced the photocurrent at pH 7.5 to different extents. This shows that the deprotonation of Glu-90, which is inhibited by the mutations, plays an important role in ion conductance at neutral conditions. At low pH this reduction was stronger for neutral residues E90Q and E90A and only minor for E90H and E90K suggesting that neutral residues at this place suppress proton conductance to a higher extent than the Na^+^ conductance, whereas positive residues suppress Na^+^ conductance more strongly. Moreover, the changes also depend on the membrane holding potential. To further evaluate the pH and voltage dependence, we plotted the *I*~0~ values against voltage for four different pH values. All *I*/*E* plots were derived from measurements carried out at high Na^+^ concentrations (100 m[m]{.smallcaps}). WT ChR2 showed moderate pH dependence of *I*~0~ between pH 6 and 9 where the current was mainly carried by Na^+^. The current increased at pH 4, but this increase is less obvious at low voltage where the displacement of Na^+^ by H^+^ is low ([@B13]). An identical pattern of dependence was seen in E90D ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M111.327700/DC1)). In E90Q, which could not be deprotonated during the photocycle, the Na^+^ currents, most clearly observed at pH 9, were like wild type; however, the addition of protons suppressed the currents until a slight recovery was seen at pH 4 ([Fig. 3](#F3){ref-type="fig"}*E*). Similarly, E90A, originally introduced by Sugiyama *et al.*, shows no H^+^ conductance, and the Na^+^ conductance is inhibited at low pH ([Fig. 3](#F3){ref-type="fig"}*G*) ([@B11]). In contrast, substitution of Glu-90 by the amphiphilic H almost totally suppressed Na^+^ conductance ([Fig. 3](#F3){ref-type="fig"}*B*), rendering the currents strongly pH-dependent over a wide pH range ([Fig. 3](#F3){ref-type="fig"}*F*). In conclusion, specific substitutions at residue Glu-90 that result in conversion of the negative charge into neutral or positive might change both the conductance and selectivity of the channel, supporting our earlier claim that Glu-90 plays a pivotal role as a gate and selectivity filter of the conductive pore. All Glu-90 mutants showed differentially reduced conductance for H^+^ and Na^+^ in comparison with WT protein at pH 7.5 ([Fig. 3](#F3){ref-type="fig"}*C*) and a variable competition between both ions, which is in line with our conclusion that a deprotonated Glu-90 is crucial for current size and ion selectivity. Quantitatively, the pH dependence of the *I*/*E* curves cannot be explained in detail yet, because the mutated protein might exhibit a different molecular activation mechanism as the WT protein, as is well known for *e.g.* bacteriorhodopsin ([@B21], [@B22]). For example, mutations of Glu-90 might shift the p*K~a~* equilibrium of protonable groups within the protein differently, depending on their proton affinity and side chain size, which allows the placement of additional water molecules and thus alters the electrostatics within the protein.

Most bizarre is E90K, which has already been briefly described by Ruffert *et al.* ([@B12]). This mutant showed almost no conductance at pH range of 6 to 9 but a large current at pH 4 ([Fig. 3](#F3){ref-type="fig"}*H*). At first glance this might appear to be a proton conductance; however, the reversal potential at pH 4 was unchanged, which clearly indicated the absence of a proton current. Na^+^ and K^+^ currents have also been excluded, and further studies are needed to identify the conducted ion. In summary, all mutations showed the importance of the deprotonation of Glu-90 for ion selectivity, although the gradual effect of the mutations on the conductance are not yet fully understood in detail.

#### Pore Formation in BR-based Homology Model

In the next step, we investigated whether the protonation change at Glu-90 revealed by FTIR spectroscopy influences the conformation of ChR2 in a manner comparable to the conformational changes seen in BR and other microbial rhodopsins due to protonation changes at crucial residues. Because there is no high resolution x-ray structure for ChR2 available yet, we created a dynamic homology model of ChR2 based on the BR structure, using methods that we recently employed for the human olfactory receptor hOR2AG1 ([@B25], [@B29]). We are well aware that, although the overall 7-TM structures of ChR2 and BR are similar, both proteins might differ in structural details, such as the orientations of helices B, C, and D ([@B4]), and the exact position of their amino acid side chains. We nevertheless believe that the BR structure provides a sufficient template to investigate structural changes during the ChR2 photocycle. Sequence alignment of ChR2 and BR for the model construction was initiated with a multiple alignment of channelrhodopsins (ChR1, ChR2, VChR1, and VChR2), transporters (BR, HR (halorhodopsin), and XantoR (xantorhodopsin)), sensory rhodopsins (SR1, SR2, and ASR (*Anabaena* sensory rhodopsin)), and a blue-absorbing proteorhodopsin ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M111.327700/DC1)). We then refined the alignment by application of criteria from dynamic homology modeling ([@B29]) by matching functionally relevant residues in BR with corresponding residues in ChR2 (Arg-82/Arg-120, Asp-85/Glu-123, Asp-96/His-134, Asp-115/Asp-156, Asp-212/Asp-253, and Lys-216/Lys-257).

Due to the poor overall homology of the channelrhodopsins with other microbial rhodopsins, we had to incorporate information from spectroscopic as well as electrophysiological experiments into the model. In particular, different sequence alignments for helix B of ChR2 and BR have been suggested in former studies ([@B1], [@B2], [@B4], [@B41]). These alignments differ mostly in positioning an intriguing glutamate cluster within the ChR2 sequence that consists of five glutamates, namely Glu-82, Glu-83, Glu-90, Glu-97, and Glu-101. Three of these glutamates, Glu-82, Glu-90, and Glu-101, are conserved in all known ChRs ([@B42]). Detailed information on the various alignments regarding the glutamate cluster suggested by different groups can be found in the [supplemental materials](http://www.jbc.org/cgi/content/full/M111.327700/DC1).

We built the homology model of ChR2 with the whole glutamate cluster located within helix B ([supplemental Fig. S3*D*](http://www.jbc.org/cgi/content/full/M111.327700/DC1)). The results of our simulations favored an arrangement with this glutamate cluster oriented toward the inside of the protein (more information on protein modeling can be found in the [supplemental materials](http://www.jbc.org/cgi/content/full/M111.327700/DC1)). This arrangement of the glutamate cluster has been previously suggested ([@B12]) and is supported by earlier electrophysiological experiments. Replacement of Glu-90, Glu-97, and Glu-101 in ChR2 by positively charged or non-polar residues leads to modulation of the ion selectivity and conductance of ChR2 ([@B11]--[@B13]). Therefore it is proposed that Glu-90, Glu-97, and Glu-101 line the ChR2 conductive pore within ([@B11], [@B12]). Substitution of Glu-101 with alanine additionally results in significantly altered gating kinetics ([@B11]).

Because our FTIR spectroscopic results reveal deprotonation of Glu-90 during the ChR2 photocycle, we simulated this deprotonation and analyzed the resulting influx of water molecules. The change in protein-bound water distribution should provide insight into possible pore formation within the helical bundle. We are well aware that, because of the putative differences between the overall structures of BR and ChR2, the resulting pore in our ChR2 model might differ in some details, but we are convinced that our homology model reproduces the location of the pore at lower resolution. We started with protonated Glu-90, then deprotonated Glu-90 after 20 ns of MD simulation and ran the simulation for another 100 ns. Changes in protein-bound water molecules are determined by the distribution of water molecules ("water densities") within the protein during the MD simulation ([@B43]). We searched for different water penetration depths, which might indicate channel opening. The results are shown in [Fig. 4](#F4){ref-type="fig"}. When Glu-90 was protonated, water molecules invaded from the extracellular side up to the retinal, whereas only a small invasion was observed from the intracellular side. The environment of protonated Glu-90 seems to be hydrophobic enough to repel water molecules. This discontinuous water distribution throughout ChR2 prevented the transfer of hydrated ions and seemed to represent the non-conductive closed state of ChR2. When Glu-90 was deprotonated, it became solvated ([Fig. 4](#F4){ref-type="fig"}) in our homology model. The intracellular side then started to fill up with water molecules and, thereby, became more hydrophilic. This might indicate the formation of a continuous aqueous pore through the whole protein ([Fig. 4](#F4){ref-type="fig"}). Nevertheless, gaps remained between the densities. Müller *et al.* ([@B4]) demonstrated using electron microscopy that helix C in the ChR2 dimer is positioned more toward the outer face of the helical bundle in comparison to BR; this positioning would result in a larger intramolecular space for intruding water. However, our simulations suggest that the deprotonation of Glu-90, as experimentally observed in FTIR experiments, induces the formation of a protein-bound water network spanning the whole protein. This seems to represent the first steps toward pore formation during the photocycle of ChR2.

![**Water densities ([@B43]) reflecting the protein-internal volume in the ChR2 homology model occupied by water molecules during MD simulations depending on the protonation state of Glu-90.** Water density distribution changes within ChR2 due to deprotonation of Glu-90. When Glu-90 is protonated (*left panel*), two distinct regions of intruding water molecules are observed, with Glu-90 being found in the middle of the barrier between them. When Glu-90 is deprotonated (*right panel*), the water influx is altered. The former unsolvated region around Glu-90 starts to fill up with water. The extracellular side is still more solvated than the intracellular side of the protein. The alteration of water densities results in an almost continuously spanning water-filled pore.](zbc0101298550004){#F4}

DISCUSSION
==========

Based on the MD simulations, which revealed significant water influx into the protein upon deprotonation of Glu-90, we hypothesize the conductive pore within ChR2 to be located between helices A, B, C, and G as shown in [Fig. 5](#F5){ref-type="fig"}. As mentioned above, we believe that, due to the different placement of helix C in ChR2 with respect to BR, the actual pore in ChR2 will be larger than the one observed in our model.

![**Putative location of the conductive pore within the helical bundle of the BR-based ChR2 homology model (intracellular view).** ChR2 is shown in *gray*, the chromophore retinal is highlighted in *yellow*, Glu-90 is in *purple*, and penetrating water molecules are shown as *blue surfaces*. MD simulation reveals that the location of the conductive pore within the helical bundle of ChR2 is between helices A, B, C, and G, in direct contact with the chromophore and the RSB, indicated by the *red circle*. MD simulations reveal Glu-90 to be flanking the conductive pore.](zbc0101298550005){#F5}

In conclusion, results from FTIR spectroscopy, electrophysiological studies, and MD simulations lead to the following proposed molecular mechanism of ChR2. Upon illumination of ChR2, structural rearrangements that correlate with the reprotonation of the retinal Schiff base might lead to the deprotonation of Glu-90 and to a transition of the intracellular half of the protein from a hydrophobic to a hydrophilic environment. A subsequent influx of water molecules from intra- and extracellular protein surfaces might constitute the ion channel pore, which is mainly spanned by glutamates in Helix B.

The pore appears to be embedded between helices A, B, C, and G. Modification of Glu-90 severely alters the selectivity of the channel but does not significantly change the gating kinetics. This observation suggests that Glu-90 functions as a gate and selectivity filter of the conducting pore. Structural changes that include the deprotonation of Glu-90 in WT ChR2 open the gate by effecting the formation of the conducting pore, the selectivity of which can be altered by Glu-90 substitution.

Throughout the microbial-type rhodopsin family, the third (C) to seventh (G) transmembrane helices are believed to form a general retinal binding and interaction motif. We therefore assume that structures and residues essential for the ion conductance of ChR2 are located within helices A and B. In particular, helix B exhibits enhanced hydrophilicity in ChR family members, a feature that is not seen in proton pumps or sensory rhodopsins but is believed to be necessary for ion transport. This assumption is in good agreement with the experimental observation that the three glutamates, Glu-90, Glu-97, and Glu-101, within helix B are crucial for the ChR2 conductance. According to our results, we assume the ChR2 monomer to be the functional unit. In terms of optogenetic engineering, our dynamic homology model provides insights into the dynamics of formation of the ion pore.

The proposed dynamic homology model of ChR2 incorporates results from time-resolved spectroscopic and electrophysiological experiments. It therefore provides essential features of the molecular mechanism of ChR2 and might serve as a dynamic framework for the interpretation of a static high-resolution x-ray structure, which is not yet available. In any case, such an x-ray structural model will not provide information on the protonation state of Glu-90 or its deprotonation, or the influence of the deprotonation during the photocycle on the ion conductance. Thus, the proposed dynamic model emerging from time-resolved spectroscopic and electrophysiological experiments will in any case provide essential features of the molecular mechanism of ChR-2. The proposed mechanism will help to optimize ion selectivity of ChR2 to generate more powerful optogenetic tools.
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